Linking urban development and urban drainage models is a more and more popular approach when impacts of pavement of urban areas on sewer system performance are evaluated. As such an approach is a difficult task, this is not a feasible procedure for everyday engineering practice. We propose an alternative method, based on a developed simple near-quadratic relationship, which directly translates change (increase or decrease) of paved area into a change in the return period (RP) of the design rainfall event or design rainfall intensity. This formula is simple to use and compatible with existing design guidelines. A further advantage is that the calculated design RP can also be used to communicate the impact of a change in impervious areas to stakeholders or the public community. The method is developed using a set of 250 virtual and two real-world case studies and hydrodynamic simulations. It is validated on a small catchment for which we compare system performance and redesigned pipe diameters. Of course such a simplification contains different uncertainties. But these uncertainties have to be seen in the context of overall uncertainties when trying to predict city development into the future. Hence it still is a significant advantage compared to today's engineering practice.
INTRODUCTION
To account for upcoming developments in urban water management, the linkage of different models receives increasing attention (Bach et al. ) . Recent developments show the implementation of climate change and/or urban development models, which provide the input for traditional urban drainage models. Such inputs are rainfall data, which represent rainfall characteristic under future climate change scenarios, and paved areas, which represent conditions under future urban development scenarios While climate change scenarios expect an increase in rainfall intensities and longer dry weather periods between the events (Ashley et al. ; Butler et al. ; Arnbjerg-Nielsen ; Arnbjerg-Nielsen & Fleischer ), the impact of urban development can be both increase of paved areas (to account for city growth, densification and urban sprawl) and decrease of paved areas (to account for shrinking cities, disconnection of paved areas or transformation of impervious surfaces into pervious surfaces) (Martinez-Fernandez et al. ; Mikovits et al. ) . In the context of this paper the term 'paved area' is used for all impervious surfaces, which are connected to the drainage system, sometimes also referred to as 'effective impervious area' (Dotto et al. ) . Several authors present case studies investigating either impact of climate change or impact of urban development or combinations of both. For example, Semadeni-Davies et al. () analyse the impact of both climate change and urbanization on the performance of a combined sewer system. Climate change impact comes from a regional climate model; urbanization is considered by adapting model parameters related to paved area and demographics. The sewer system performance in that study is evaluated using a hydrodynamic model. Urich et al. () present an application in which an urban development model is linked to an urban drainage model to account for changes in the paved area. Again, for performance assessment of the urban drainage system, a hydrodynamic model is used. Kleidorfer et al. () consider both climate change and urbanization effects when planning rehabilitation strategies for sewers.
The problem is that such results can hardly be transferred into practical engineering solutions. The coupling of different models is not an easy task, requiring not only specific modelling but also programming skills (Rauch et al. ). So, it cannot be expected that such approaches will soon find their way into small and medium sized consultancies.
Mailhot & Duchesne () propose a revision of design criteria of urban drainage systems to account for climate change impacts. Their approach is based on the statistical evaluation of rainfall intensities and leads to a simplified approach to consider such changes in design guidelines. This requires information about climate projections, expected level of system performance and expected infrastructure lifetime. Finally, a new return period (RP) which should be used in the design is calculated by multiplying the present RP with a factor. That factor can be estimated from lifetime and expected increase of rainfall intensities. Of course such a simple approach contains different sources of uncertainties, but these uncertainties have to be seen in the context of overall climate change prediction uncertainties.
For consideration of urban development such a simple approach is still missing. Different integrated urban drainage modelling studies, in which urban development models are coupled with urban drainage models, show that urban development might outreach impact of climate change or at least have similar importance (Lee & Heaney ; Semadeni-Davies et al. ; Willems et al. ) . Although such studies are very case specific, this shows that it is even more important to develop easy to use methods which can be implemented into existing design guidelines. Starting from these findings, we propose a simple approach to account for changes in paved area in urban drainage engineering.
Consequently, the aim of this paper is to search for simple expressions of the relationships between urban development and parameters used in the design of urban drainage systems. We present an approach which translates change of paved areas (increase or decrease) into a change of the RP of the rainfall event that is used for the design. The main benefit of this simplification is that the result is compatible with existing design guidelines. We believe that this is the way to bring results from scientific climate change impact assessments into practice.
METHODS
The role of the RP in sewer system design Although design standards for urban drainage systems vary from country to country (Kleidorfer & Rauch ) , the basics are always similar. European standards define a design RP of rainfall events for which flooding has to be prevented (CEN ). For example, RP ¼ 2 means that such a rainfall event on average happens every 2 years. The actual design of pipe diameters in engineering practice (especially used for small areas) still often uses simple approaches such as the rational method (Butler & Davies ) . This method needs catchment area, rational runoff coefficient and rainfall intensity as input and calculates peak runoff from catchments (i.e. flow in pipes). Consequently, the required pipe diameter is calculated from flow, roughness and pipe slope using flow formulas (Butler & Davies ) .
Hydrodynamic models are used in larger, more complex (i.e. meshed) systems. They run with rainfall data (measured time series or design storm events) as model input, need a more detailed description of the urban area (paved area, soil characteristics), and calculate runoff from catchments and consequently flow in pipes. The main difference is that non-steady effects and surcharge in pipes can be considered. As such, it is possible to calculate ponded volume, which can be used to estimate flood risk. Again the RP of design events for which flooding has to be prevented is chosen according to guidelines (usually depending on the land use for a specific area) or the RP of flooding events is directly calculated from simulation results (in cases a time series is chosen as rainfall input instead of design events).
Thus for both approaches the RP of the rainfall intensity used is an important point. Further, the RP is also used in communicating design standards to decision makers and the public (as the RP is a term which is also known from different fields, e.g. to communicate risk of fluvial flooding). Such a successful consideration of urban development in the best cases translates any change in urban areas to a change in RP. This has the advantage that the existing design methods still can be used and that it is easy to communicate impact of a change in paved area. Further, this approach is compatible with the possibility to consider climate change effects as, for example, shown by Mailhot & Duchesne () .
Building the reference system
As a first step, a reference system is required, which can be used to search for a relationship between urban development and sewer system performance. It is clear that the use of measurement data is unfeasible for this as this would require measurements of the entire system performance in different states of city development. Both are impossible to acquire as system performance is always assessed only at limited points (at measurement sites) and never for the entire system. Furthermore, long-term measurements covering an extensive period of city development (e.g. 50 years) are not available for a representative set of case studies.
Instead this approach is based on a reference set of model simulations. Therefore, the approach shown in Kleidorfer et al. () is enhanced. As reference system a set of 250 virtual case studies (Möderl et al. ) and two real-world case studies is used. All case studies are drained by combined sewer systems. The virtual case studies are used to make this approach less case specific and to ensure that the results can be transferred to other drainage networks. The two real-world case studies are used as reference points to ensure realistic interpretations.
The size of the 250 virtual case studies ranges from 200 to 4,000 ha of connected impervious (or paved) area, 50 to 500 nodes and five to 10 combined sewer overflow (CSO) facilities, and hence covers a broad range of system sizes. The virtual case studies are branched networks with pipe sizing according to Austrian design rules (ÖWAV-RB  ), i.e. based on the rational method described above. The two real-world case studies are both situated in Austria. In case study A, the catchment area is approximately 2,500 ha (774 ha impervious), the sewer network used consists of 246 nodes, 200 subcatchments and 34 CSOs. In case study B, the total catchment area is 12,709 ha, 3,608 ha are impervious and the hydrodynamic model consists of 397 nodes and 192 subcatchments.
For these case studies the sewer system performance is evaluated using the hydrodynamic simulation software SWMM (Gironás et al. ) with its parallel solver (Burger et al. ) . The hydraulic performance is expressed as flooding performance P F , which is calculated from ponded volume V P and total catchment runoff V R according to
This normalized description has the advantage that the values range from 1 (no flooding occurs) to 0 (total runoff is flooded) and hence the performance of different systems can be compared. This would not be possible if we compare the flooded volume directly as this value highly depends on the size (catchment area, number of nodes) of the case study.
Urban development scenarios
To account for changes in P F caused by urban development the connected impervious area is increased and decreased, respectively. The increase expresses additional pavement of urban areas in cases of city growth or densification. The decrease expresses transformation of impervious surfaces into pervious surfaces, as can be the case in shrinking cities. Further decrease also expresses disconnection of paved areas from the drainage system, for example when decentralized stormwater management is introduced (Bach et al. a, b) . The variation of impervious area happens by multiplying connected impervious area A i with an area factor f A . This area factor ranges from 0.4 to 1.6 in steps of 0.1 to cover a range in the change of the connected area from
As rainfall input Euler II design storm events are used, which are commonly used in the design of urban drainage system in Germany (DWA-ATV-A 118E ) and Austria (ÖWAV-RB  ). We assessed the system performance (evaluation of P F ) for different RPs (RP ¼ 0.5; 1; 2; 3; 5; 10). Altogether there are 16,380 hydrodynamic simulations (252 case studies × 5 RPs × 13 area deviations).
Translation into a simple relationship
For each simulation we calculate P F which varies with changing input (P F ¼ f (RP, A i )) when assuming that the system characteristics are constant. By keeping either RP or A i constant and finding simulation runs with the same system performance (
, the variation in one parameter can be expressed as a change in the other one, RP ¼ f (A i ). A more detailed description is available from Kleidorfer et al. () in which impact of a change in rainfall intensities resulting from climate change is expressed as a change in paved area. The result of this evaluation is a database of the P F results of multiple hydrodynamic simulations with varying RP and A i . The next step is the investigation of whether the function RP ¼ f (A i ) can be expressed using a simple analytic relationship. Therefore, different functions are tested and optimal parameter sets are determined using the method of least squares.
Validation on a case study
The final step is a validation of the identified expression in a case study. Therefore, a third real-world case study is used, which was not used in the development of the reference system in the 'Building the reference system' section. This case study is a small semi-urban catchment with a total area of 21.9 ha (11.9 ha impervious, i.e. the fraction imperviousness is 0.54). The hydrodynamic model consists of 211 subcatchments, 231 nodes and one CSO facility at the outlet of the catchment. This network was chosen because of its simple layout (branched system, only circular crosssections) which allows automatic pipe sizing for the different validation scenarios.
For validation purposes we determined the pipe sizes for capturing a design storm event of RP ¼ 2 (a design rule for this municipality) in a way that no flooding occurs (only surcharge). Then we assumed a yearly city growth rate (representing increase of paved area) of 1.1% and calculated the future performance P F , 25 (the planning horizon is 25 years).
For validating the formula we determined a new design RP (RP*), and evaluated P F,RP* by using an event with RP* as rainfall input. Then we compared the future scenarios P F,25 and P F,RP*. Finally both future systems are redesigned to capture runoff from increased catchment area (and original RP) and runoff from RP* (and original catchment area), respectively. Then the new pipe diameters of future scenarios were compared piece by piece.
RESULTS AND DISCUSSION
Performance and impact assessment For the 250 virtual case studies the cumulative distribution of P F is shown for RP ¼ 1 (grey lines) and RP ¼ 10 (black lines). Simulation results of the real-world case studies are shown as markers. In addition, the impact of a change in paved area on P F is shown for the cases of a reduction of 60% and an increase of 60%. Figure 1 (right) shows the relationship between the area factor f A and the RP. In this figure we present the results of the real-world case studies as well as the median value of the virtual case studies. From this diagram one can see that, for example, the increase of impervious area of 30% ( f A ¼ 1.3) has the same effect on system performance as using a rainfall event of RP ¼ 1.5 (instead of RP ¼ 1).
Translation into a simple relationship
For the relationship between f A and RP as shown in Figure 1 (right) different mathematical expressions have been tested. Aiming for a simple expression not to over-parameterize the equation, we found that the formula
describes this relationship appropriately. For this function parameters a and b were determined using the trust-region method, a nonlinear least-squares formulation (Conn et al. ) implemented in Matlab. This parameter determination was done for each RP separately. Results including coefficient of determination (R²) are shown in Table 1 .
As can be seen from Table 1 parameter a is always a value close to the original RP. Parameter b varies between 1.22 (RP ¼ 1) and 2.04 (RP ¼ 10). This clearly shows that the impact of a change in the connected impervious area increases with higher rainfall intensities. This is to be expected as in such cases the sewer system capacity is already close to its maximum and any additional runoff directly contributes to flooding volume (expressed as P F ). However, as the general approach contains significant uncertainties from different sources (e.g. prediction of the urban development), it is reasonable to define a ¼ RP.
Then we repeated the parameter search for b and found the best fit for b ¼ 1.92 (R 2 ¼ 0.9776). Finally we came to the solution
As changing impervious area is related to long-term developments the time scale is still missing in Equation (3). With introducing a city growth rate g (% per year) and the planning horizon t (years), Equation (3) can be written as
In practical applications g should be chosen according to urban development projections; t is the planning horizon which should be chosen according to the life expectancy of the infrastructure facility which has to be designed. Negative values for g can account for a decrease in paved area, for example, due to shrinking cities, disconnection of paved areas or other measures which reduce the stormwater runoff into a drainage system. Practical recommendations for a decreasing paved area are difficult as it would be hardly accepted to purposely undersize a drainage system and wait for the flooding to slightly decrease. However, in cases of existing flooding problems it might be an adaptation option to boost decentralized stormwater management (Urich et al. ).
Equation (4) can also be interpreted in a way to estimate change of flood risk (expressed as change of RP) for an unchanged system (i.e. a system that is not adapted). This means, the occurrence of flooding event changes from RP 0 (RP at the time of the design) to RP T (at time t in the future) Figure 2 compares RP* calculated from hydrodynamic simulation and RP* calculated from Equation (4). It can be seen that the agreement is sufficient although the developed formula shows a slight underestimation for high RP.
Of course this approach contains several limitations and simplifications. (1) Urban development can not necessarily be directly translated into a change of paved area (or more precisely connected paved area) g. This is especially true in city developments, in which existing areas are densified by replacing existing buildings. But also in new developments nowadays often decentralized stormwater management (e.g. infiltration facilities) is introduced, leading to the fact that parts of the stormwater runoff are not drained in the existing drainage system. However, the problem of predicting future impervious area that is connected to the drainage system is out of the scope of this paper and it is the same problem for model-based approaches. We assume that this assessment is possible from master plans and urban development scenarios.
(2) The development of Equation (3) is based on the comparison of P F , which is related to the change in flooding volume. Other performance indicators, example combined sewer overflow emissions, might behave differently. However, we propose this method for the design of the hydraulic capacity, for which the prevention of flooding is the main indicator.
(3) This method assumes an equal change of the paved area over the whole catchment. Impacts of connection of new areas which influence downstream network parts are more difficult to assess. However, usually new development areas are connected using CSO structures as inflow points into the existing network (Sitzenfrei et al. b) , meaning that the additional inflow is anyway limited to a certain value.
Conclusively we can say that the proposed formula cannot replace a detailed (coupled) urban development/ urban drainage simulation but it can help to roughly assess the expected future system performance. Hence existing design guidelines can easily be adapted to account for future situations. For such cases it would be possible to further simplify Equation (4) to b ¼ 2. This still leads to a good agreement (R 2 ¼ 0.9758) (4) and (6), respectively. As can be seen the consideration of the further simplification to b ¼ 2 leads to a slight change of RP* (decrease for f A < 0 and increase for f A > 0) but does not significantly change the results.
Validation
For validation purposes, the case study described previously is used. We assume an average city growth rate of 1.05% over 25 years, i.e. this leads to an increase of the impervious area of 30% ( f A ¼ 1.3): from 11.9 to 15.5 ha. This growth rate is a hypothetical assumption, but it accords with pavement of areas which was observed in the region in the past (Umweltbundesamt ) . This means the imperviousness fraction increases from 0.54 to 0.70. The pipe diameter of the system is currently designed to prevent flooding for RP ¼ 2. Furthermore, commonly applied design rules prescribe minimum pipe diameter of 0.2 m and that pipe diameters of downstream pipes are never smaller than the upstream pipes.
In Table 3 simulation results for the different scenarios are shown. Scenario 0 is the current baseline system described above. In scenario 1 an increase of paved area of 30% is assumed. This leads to a decrease of P F from 1 to 0.943 (i.e. the flooding volume V F increases to 0.26 m³ for the event). In scenario 2, a new design RP is calculated from Equation (4) as
P F decreases from 1 to 0.937 (V F ¼ 0.29 m³). In scenario 3, pipe diameters are redesigned to prevent flooding for RP ¼ 2 and f A ¼ 1.3. In scenario 4, pipe diameters are redesigned to prevent flooding for RP ¼ 3.3 and f A ¼ 1.0.
Consequently redesigned pipe diameter for scenario 3 and 4 are compared. Figure 3 shows this comparison in detail. The pipes marked as black thin lines were not required to be adapted, i.e. pipe diameters did not have to be changed. The pipes marked as black thick lines were identically adapted for both development scenarios 3 and 4. For the pipes marked as grey thick lines differences in pipe diameters were observed when designing for scenario (SCN) 3 and 4, respectively. For those pipes detailed information about original pipe diameter (DN) SCN 0 and both adaptation scenarios is shown in the boxes in Figure 3 (DN in mm). As can be seen in Figure 3 some differences exist (e.g. DN 1100 for SCN 3 and DN 1200 for SCN 4 in the pipe section close to the catchment outlet). But in general the developed formula successfully predicted future urban development conditions (i.e. system performance P F ¼ 0.943 in SCN 2 and P F ¼ 0.937 in SCN 3) and can be (6) used to adapt pipe diameters to account for upcoming changes (small differences in redesigned pipe diameters for SCN 3 and SCN 4). The more simplified formulation of Equation (4) with using b ¼ 2 as an exponent (shown in Equation (6)) does lead to only minor changes. As new design RP we get RP* ¼ 3.4 (instead of RP* ¼ 3.3).
CONCLUSION
In this paper a simple formula is developed to translate complex interactions of the impact of urban development on the performance of a combined sewer system (expressed as flooding performance P F ). This formula expresses changes in the impervious area as a change in the RP of design storm events (i.e. the same system performance is estimated by either running a model with changed impervious area or with changed RP). The aim of this study was not to find the best possible solution but to identify a simple expression which can be used together with existing design guidelines for combined or storm sewers. The near-quadratic relationship, which we identified, can be used for both increase and decrease of impervious areas. Of course this approach contains uncertainties from different sources but when applying this method these uncertainties have to be seen in the context of overall uncertainties when predicting the city development into the future. We feel confident that the advantages of this expression outbalance the disadvantages related to the uncertainties and simplifications, as now urban development can be considered in practical engineering applications in a simple way. A further advantage is that the calculated new design RP can also be used to communicate impact of urban development to stakeholders or to the public community even if no hydrodynamic model is available.
However, of course this approach cannot replace detailed investigations when planning specific sewer infrastructure measures. This is important to avoid wrong decisions potentially leading to wrong investments or to operational problems, for instance sedimentation problems which can occur, for example, when pipe diameters are oversized (Sitzenfrei et al. a) .
